This paper focuses on realization of both the one-degree-of-freedom (one-DOF) active magnetic suspension and motor operation of a three-phase permanent magnet motor using only one three-phase voltage source inverter. The suspension winding of the electromagnet for the one-DOF magnetic suspension is connected between the neutral point of the Y-connected three-phase winding and the middle point of the dc voltage sources, and the resulting zero-phase current is utilized to control the suspension force. The control method of the zero-phase current is theoretically derived to avoid interference with the motor performance. Experimental apparatus was built and tested, which consists of an iron ball magnetic suspension system and a three-phase interior permanent magnet motor. The experimental results demonstrated stable magnetic suspension and motor rotation using only one three-phase inverter.
Introduction
Conventional five-degrees-of-freedom (five-DOF) actively positioned magnetic bearings (Mizuno and Higuchi, 1990 , Higuchi, et al., 1990 , Mazzocchetti, 1994 and bearingless motors (Yamamoto, et al., 2011 , Munteanu, et al., 2012 , Asama, et al., 2010 require a number of electromagnets, permanent magnets (PMs), displacement sensors, and inverters/power amplifiers. To reduce the size, cost, and power consumption, one-DOF actively positioned magnetic bearings have been previously developed (Silva and Horikawa, 2000, Kuroki, et al., 2005) . These magnetic bearing systems combine both a one-DOF actively positioned axial magnetic bearing and a motor part for rotation. The remaining two-translational and two-tilting motions of the rotor are passively stabilized by magnetic couplings between the rotor and the stator. In these machines, at least two inverters are needed to regulate the suspension and motor currents independently.
A one-DOF actively positioned bearingless motor has been previously proposed by Nguyen and Ueno (2011) . The rotor is sandwiched by two axial-gap stators and is passively supported by repulsive type PM couplings in the radial and tilting directions. To regulate axial motion of the rotor and rotation, two independent three-phase inverters are used. Bauer and Amrhein (2014) have developed a unique one-DOF actively positioned bearingless motor using four coreless coils to generate both axial suspension force and torque. The radial and tilting motions of the rotor are passively stabilized by the repulsive type PM couplings. In this bearingless motor, two independent currents are regulated to control the torque and axial suspension force. The authors have previously developed one-DOF actively positioned bearingless motor using only one three-phase voltage source inverter, referred to as a single-drive bearingless motor (Asama, et al., 2013 . The axial position and torque are regulated by the d-axis and q-axis currents, respectively. Magnetic coupling between the rotor and the stator stabilizes the radial and tilting motions. However, only two Novel control method for magnetic suspension and motor drive with one three-phase voltage source inverter using zero-phase current independent d-and q-axis currents are actively regulated by one three-phase inverter. If three current components, such as d-, q-, and zero-axis currents, are independently regulated by only one three-phase inverter that has six power switching devices, further motor downsizing, and energy saving can be achieved. The zero-phase current flowing through the non-contact linear generator coils for the super-conducting Maglev was actively controlled to increase a magnetic damping between the bogies and ground (Sakamoto, et al., 2006) . This paper focuses on both three-phase permanent magnet synchronous motor (PMSM) drive and a one-DOF actively controlled actuator using only one three-phase voltage source inverter. The final goal of this study is to apply the proposed control method to a one-DOF actively regulated bearingless machine, which consists of, for example, a three-phase PMSM, repulsive type passive magnetic bearings, and an axial magnetic bearing. As a first step of this study, we are aiming to drive an interior permanent magnet synchronous motor (IPMSM) and to magnetically suspend an iron ball using only one three-phase voltage source inverter in this paper. We propose a novel concept that the suspension winding can be connected between a neutral point of the Y-connected three-phase winding and a middle point of the dc voltage sources, and resulting zero-phase current generates the suspension force. Since one actively controlled DOF is increased without any inverter circuits, the proposed control method can contribute to magnetically suspended machines.
In section 2, the proposed control method of the zero-phase current with motor operation is analytically derived, and the control block diagrams are shown. To verify the proposed control method, we fabricated the experimental apparatus which consists of a three-phase interior permanent magnet synchronous motor (IPMSM) and a single active magnetic suspension system with an iron ball. Section 3 presents the experimental apparatus and results. A part of this paper was presented in . Significant revisions with additional theoretical analysis results, derivation voltage-current equation, and improved test results are included in this paper. Figure 1 shows a circuit configuration of the proposed control method using zero-phase current. The suspension winding for active magnetic suspension is connected between a neutral point of the Y-connected three-phase motor winding and a middle point of the dc voltage sources, and then, the resulting current, i z , flowing through the suspension winding regulates electromagnetic force. In this paper, this load winding is defined as a zero-phase in contrast with u-, v-, and w-phases, and hence, an actual current flowing through the zero-phase is defined as a zero-phase current, i z , although this current is often called zero-sequence current. Since a voltage at the neutral point of the three-phase Y-connected winding is applied to the zero-phase load, this voltage is defined as a zero-phase voltage, v z , in this paper. For example, when the power switching devices, S1, S3, and S5 in Fig. 1 are turned on, and S2, S4, and S6, are turned off, then, all voltages, v u , v v , and v w are equal to E/2, and thus, a zero-phase current, i z , flows through the suspension winding from the neutral point to the middle point that is virtually grounded. 
Control Method for Zero-Phase Current

Proposed Winding Connection
Method A
For general PMSM drives, the transformation from the three-phase (u-v-w) frame to the direct-quadrature (d-q) one is well known. As shown in Fig. 2 , the d-axis and q-axis coordinate is fixed in the rotor, where the d-axis aligns with a PM magnetization and the q-axis is electrically shifted by 90 degrees. The ωt is a rotational angle of the rotor, where ω is an angular velocity of the rotational speed. The d-axis current regulates the magnetic field, for example, the negative d-axis current decreases total magnetic flux linkage, which results in a decrease in back electro-motive force (EMF), thus, a maximum rotational speed can be increased under a limited voltage condition. The q-axis current regulates motor torque. The following equations are the transformation from u-v-w frame to the d-q frame with respect to the current:
or,
where,
The sum of three-phase currents, i uz , i vz , and i wz , must be equal to the zero-phase current, i z , flowing through the suspension winding due to the Kirchhoff's current law at the neutral point of the Y-connected winding, as,
The i z is regulated by the i u , i v , and i w . To feed the zero-phase current, extra current components, i uz , i vz , and i wz are added to each alternating phase current, as, 
where I e and θ are the root-mean-square value and the phase shift of the currents, respectively. As the sum of the three-phase alternating currents is zero, thus, substituting (5) into (4) yields,
Substituting (5) into (1) There exist time-dependent sinusoidal components. To obtain time-independent values for i d and i q , the following conditions should be satisfied.
This condition is satisfied when wz vz uz
Then, from Eqs. (6), (7), (8) 
It is noted that the same current values that is one third the desirable zero-phase current, i z , should be injected into the three-phase currents to have no interference of extra injection components with i d and i q , when the three-phase currents are directly controlled. Fig. 3 shows a schematic of the control diagram for this method. A iron ball is magnetically levitated and a PMSM is driven by only one three-phase voltage source inverter. The d-axis and q-axis current references are determined and transformed into the u-v-w frame by C 1 -1 matrix. A bias suspension current, I z , is required to suspend the rotor weight. A
proportional-integral-derivative (PID) controller is adopted for active magnetic suspension. The output is variation component, ∆i z , of the zero-phase current. One-third of the zero-phase current reference, i z */3, is added to each phase current references, i u *, i v *, and i w *, as shown in the figure. The three-phase currents are regulated by the PI controllers, those outputs voltage references v u *, v v *, and v w *. A voltage source inverter with a pulse-width-modulation is employed, and therefore, the voltage references are modulation indexes. In this section, we focus on the zero-phase current regulation in addition to the three-phase currents. Another simple way to regulate the zero-phase current will be described in the next section.
Method B
The d-q transformation is based on the 0-d-q transformation that can be useful when there exists a zero-phase connection, which is expressed as, 
This equation means that when the zero-axis reference is determined, the same value for the zero-axis current is automatically added to the three-phase currents. In addition, the sum of three-phase currents should be the zero-phase current. Hence, the relationship between the zero-phase current, i z , and zero-axis current, i 0 , is given by,
Using Eq. (12) makes the control diagram simple, as shown in Fig. 4 . The current references in zero-axis, i 0 *, d-axis, i d *, and q-axis, i q *, are input to the transformation matrix, C 2 -1 . In both method A and B, the control diagrams are equivalent, and the three-phase currents are actively controlled by the PI feedback loops. The voltage-current equation in the u-v-w frame can be expressed as, 
The v z is a voltage at a neutral point of the three-phase Y-connected winding, R m is a resistance of each motor winding, λ is magnetic flux vector, and ψ pm is a PM flux linkage vector. In a general IPMSM, each component in L uvw and ψ pm can be written as, 
Method C
To remove the time-dependent interference terms, the 0-d-q transformation is applied to the voltage-current equation of Eq. (16) 
The symbol v 0 is defined as zero-axis voltage to clearly distinguish from the zero-phase voltage v z . Substituting Eq. (16) 
The voltage-current equation in the zero-phase can be expressed as,
where R z and L z are resistance and inductance of the zero-phase load, respectively. In addition, d-axis and q-axis inductances are defined as,
Then, substituting Eq. (15) 
Although the last term in Eq. (27) 
The left side is input power, the first term of the right side is copper loss, the second one indicates derivative of stored magnetic energy, and the third one gives a mechanical output that is a product of an angular velocity, ω, and torque, T. Hence, motor torque considering a pole pair number, p, is given by,
The motor torque can be regulated by the d-axis and q-axis currents. The first and second terms are known as magnet torque and reluctance torque, respectively. In this paper, only fundamental component of both the inductances and the PM flux linkage is considered. As a result, magnetic suspension control and motor drive are not interfered with each other, for example, the zero-phase current does not influence on motor torque as indicated in Eq. (29). 
Experiments
Experimental Apparatus
To verify the controllability of the zero-phase current using the method C, we built a simple experimental apparatus that consists of a three-phase IPMSM and a single active magnetic suspension system with an iron ball, where electromagnetic force for the magnetic levitation is actively regulated by zero-phase current, as shown in Fig. 6 . A hollow iron ball with a diameter of 50 mm and a weight of 160 g and a cylinder type electromagnet with E-shaped cross section are used. A solid 0.45 % carbon steel is used for both the iron ball and the stator core of the electromagnet. Resistance, R z , and inductance, L z , of the electromagnet are 2.4 Ω and 65 mH, respectively. An eddy current displacement sensor (PU-14, AEC Corp., Japan) detects the ball position.
A 4-pole/6-slot IPMSM is driven with a rated power of 1.5 kW. A rotor diameter and its axial length are 60 mm and 70 mm, respectively. Resistance and inductance components of the IPMSM are R m =0.45 Ω, L 0 =8.7 mH, and L 1 =2.3 mH, respectively. Hence, L d and L q are 11.0 mH, and 17.5 mH, respectively. The PM magnetic flux, ψ m , is 102 mWb. Stator and rotor cores are made of laminated steel. Neodymium PMs are interiorly embedded in the rotor core. A custom-made inverter equipped with an intelligent power module (PS21353-N, Mitsubishi Electric Corp., Japan) and a real-time digital controller (Nc-RIO-9022, National Instruments Corp., USA) are used. Sampling times for magnetic suspension control and for current control are 200 μs and 50 μs, respectively. A carrier frequency of the PWM is 17 kHz. Two off-the-shelf ac-dc power supplies (ZX-400L, Takasago Ltd., Japan) with a dc voltage of E/2=75 V are used.
Experimental Results
The IPMSM is connected to a 3.7 kW induction motor (SF-HRCA, Mitsubishi Electric Corp., Japan) through a torque meter (SS-050, Ono Sokki, Co., Ltd., Japan) and is driven with maximum torque condition. A line current of the motor winding is I e =3 A where i d =−4.2 A and i q =3.1 A. The iron ball was successfully levitated while motor rotation using one three-phase voltage source inverter. Figure 7 (a) shows the U-phase current, i u , the zero-phase current, i z , and the axial position of the iron ball, z, and Fig. 7(b) shows the three-phase currents when the magnetic suspension control is activated at a rotational speed of 3000 rpm. The zero-phase current increased rapidly to pull up the iron ball. After about 0.15 s, the ball position, z, reached reference value of 5 mm. As can be seen, the sum of the three-phase currents equals to the zero-phase current. Fig. 8 shows an axial position of the iron ball at a motor speed of 3000 rpm in steady-state. The iron ball was stably suspended with the zero-phase current regulation. The vibration amplitude of the iron ball in the axial direction was 39 μm evaluated by the three times the standard deviation, 3σ. 
Conclusion
This paper describes a novel concept that three independent currents of i d , i q , and i z , are actively controlled using only one three-phase voltage source inverter. The zero-phase current that corresponds to the suspension current is utilized to actively regulate the suspension force. The voltage-current equation for the proposed control method was analytically derived. Experimental results demonstrated successful active regulation of the zero-phase current and magnetic suspension while motor rotation using only one three-phase inverter. In future works, we will investigate influences between the magnetic suspension and motor operation considering the spatial harmonics of the inductance, PM flux, and stator magneto-motive force distribution.
